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Abstract: Coordinated unfolding of innate and adaptive immunity is key to the development of protective immune 
responses. This functional integration occurs within the inflamed tissue, a microenvironment enriched with factors 
released by innate and subsequently adaptive immune cells and the injured tissue itself. T lymphocytes are key play-
ers in the ensuing adaptive immunity and their proper function is instrumental to a successful outcome of immune 
protection. The site of inflammation is a “harsh” environment in which T cells are exposed to numerous factors that 
might influence their behavior. Low pH and oxygen concentration, high lactate and organic acid content as well as 
free fatty acids and reactive oxygen species are found in the inflammatory microenvironment. All these components 
affect T cells as well as other immune cells during the immune response and impact on the development of chronic 
inflammation. We here overview the effects of a number of factors present in the inflammatory microenvironment 
on T cell function and migration and discuss the potential relevance of these components as targets for therapeutic 
intervention in autoimmune and chronic inflammatory diseases.
Keywords: T lymphocytes, inflammatory microenvironment, hypoxia, pH, fatty acids, lactate, reactive oxygen spe-
cies
Introduction
In multicellular organisms inflammation is a 
characteristic reaction of the immune system 
to extrinsic or intrinsic danger stimuli that 
favors the reestablishment of tissue homeosta-
sis. Acute inflammation on one hand is trig-
gered by infection, tissue injury or malfunction 
and describes the short-term recruitment of 
immune cells into the affected site whose phys-
iological purpose is pathogen clearance and 
tissue repair. Chronic inflammation on the other 
hand is a low-grade, constant and long-lasting 
tissue infiltration of immune cells, which often 
causes severe tissue damage and remodeling, 
a common feature of autoimmune and chronic 
inflammatory diseases, such as atherosclero-
sis, rheumatoid arthritis and diabetes [1].
T lymphocytes play a major role in the develop-
ment of these inflammatory processes. Besides 
their direct cytotoxic activities, T cells orches-
trate the unfolding immune response via the 
secretion of pro- and anti-inflammatory cyto-
kines that influence the severity and outcome 
of the inflammatory reaction [2]. Both effector 
and regulatory T (Treg) cells are essential to 
establish and maintain an effective immune 
response or dampen an overshooting reaction 
to prevent autoimmune disease. Therefore, the 
resolution of the inflammatory process follow-
ing pathogen clearance depends on the con-
certed localization of both these T cell subsets 
to reach an optimal ratio, which terminates 
effector immunity [3]. Several well-described 
stimuli direct the function and migration pat-
terns of T lymphocytes, such as cytokines, che-
mo-attractants and -repellents or direct cell-cell 
interactions [4, 5].
In this context, some of the components of the 
inflammatory microenvironment are likely to 
impact on the dynamic progression of the 
inflammatory process. Low glucose, nutrient 
and oxygen concentration, high lactate and 
organic acid content, the presence of fatty 
acids and other metabolites make the inflam-
matory site a unique “milieu” that affects 
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immune cells in a yet underappreciated man-
ner. Substantial evidence for the metabolic 
control of T cell function and their response to 
environmental changes has recently emerged. 
The discovery that T cell subsets rely upon dif-
ferent energy sources and respond to diverse 
signaling cues opens up novel ways of thera-
peutically interfering with immune cell function 
in chronic inflammatory disorders [6-11].
This review focuses on the effect of some of the 
essential factors present in the inflammatory 
microenvironment, including oxygen concentra-
tion, pH, fatty acids, lactate and reactive oxy-
gen species (ROS), on immune cell function, 
particularly that of T cells, within the inflamma-
tory site.
Components of the inflammatory “milieu”
The inflammatory site is a hostile and harsh 
environment for T cells to function and suc-
cessfully fulfill their tasks. Although its molecu-
lar composition slightly differs from disease to 
disease, some similarities exist that could be 
considered for effective therapeutic targeting.
The effect on T cells of some of the factors 
present in the inflammatory microenvironment, 
particularly those commonly present in chronic 
inflammation, including oxygen concentration, 
pH, lactate, fatty acids and ROS will be dis-
cussed (Figure 1).
As the role of cytokines, chemokines and dan-
ger-associated molecular patterns (DAMPs) as 
major signaling molecules that regulate T cell 
function and correct tissue localization during 
an immune response has been extensively 
examined in recent excellent articles [12-15], 
we will not discuss their role in detail.
Hypoxia defines the inflammatory environ-
ment
Inflamed tissues are often characterized by 
decreased oxygen availability (<2%) [16], gener-
ally known as hypoxia. Inflammation-associated 
tissue hypoxia is due to an imbalance in oxygen 
demand and supply in inflammatory sites. On 
one hand hypoxia is a consequence of 
increased oxygen consumption by resident 
cells such as epithelia or vascular endothelia, 
Figure 1. Factors in the inflammatory microenvironment. Several factors in the inflammatory microenvironment 
(e.g., oxygen concentration, pH, lactate, fatty acids and ROS) can influence the function of T cells and other immune 
cells on a number of levels and determine the outcomes of the inflammatory process.
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and also by recruited inflammatory cells, such 
as macrophages, neutrophils and T cells [17], 
which are metabolically extremely active. On 
the other hand oxygen supply in the inflamma-
tory site is often decreased due to vascular 
occlusion or thrombosis [18]. Furthermore, not 
only inflamed tissues often become hypoxic, 
but hypoxia promotes inflammation due to the 
increased release of inflammatory cytokines by 
the hypoxic tissue and subsequent recruitment 
of inflammatory cells. Therefore, inflammation 
and hypoxia are intertwined in a forward feed-
back loop that is key to the establishment of 
chronic inflammation [18].
In diabetes and obesity oxygen consumption 
rises due to the increase of adipose mass. As a 
consequence, the adipose tissue becomes 
hypoxic. A study showed that both wild type 
mice on high fat diet and leptin-deficient (ob/
ob) mice have a decreased partial oxygen pres-
sure in their white adipose tissue [19]. In the 
hypoxic environment adipocytes increase the 
expression of the pro-inflammatory cytokines 
TNFα, IL-1, IL-6 and TGFβ and the chemokine 
MIF, which in turn are responsible for macro-
phage and T cell recruitment [19]. Furthermore, 
the expression of the extracellular enzyme 
matrix metalloproteinase-9 (MMP-9) is elevat-
ed during hypoxia and this has been shown to 
correlate with early neutrophil infiltration in the 
inflammatory site [20]. In a recent study, 
Fujisaka et al. demonstrated that hypoxia in the 
adipose tissue is responsible for the induction 
of inflammatory M1 polarity of macrophages in 
a HIF1α-dependent and -independent manner 
[21].
As the above-mentioned studies show, hypoxia 
and inflammation are tightly interconnected 
and tissue hypoxia can be found in a variety of 
other chronic inflammatory diseases. Athe- 
rosclerosis [22], rheumatoid arthritis [23], 
inflammatory bowel disease [24], sepsis [25], 
ischemic stroke [26] and fast growing tumors 
[27] have all been associated with severe short-
age of oxygen in the inflamed tissues. Cells 
exposed to an environment with low oxygen 
concentration up-regulate several survival 
mechanisms, which are under the control of 
the oxygen sensitive transcription factor, HIF1α. 
Under normoxic conditions (2-3%) [16], HIF1α is 
hydroxylated by prolyl-hydroxy-domain contain-
ing enzymes (PHDs), which target HIF1α for 
ubiquitinylation-dependent degradation by the 
proteasome. However, hypoxia-induced inacti-
vation of PHDs triggers HIF1α translocation to 
the nucleus where it promotes the transcription 
of up to 200 target genes. Many of these genes 
are important for cell survival [28]. Nevertheless, 
despite the activation of survival pathways, 
some highly proliferative cells, such as T lym-
phocytes, cannot cope with the depletion of 
oxygen. In a recent study, Gaber and colleagues 
observed that CD4+ T cells have a reduced rate 
of proliferation and survival in a model of phyto-
hemagglutinin-stimulated T cell growth in 
hypoxic conditions [16].
In addition to the induction of obvious survival 
pathways in hypoxic environments, CD4+ T cells 
simultaneously decrease cytokine production. 
This decline in T cell effector function has been 
proposed to be a protective mechanism against 
prolonged tissue damage caused by hyper 
reactive T cells in inflammatory conditions [29]. 
However, the lytic function of cytotoxic CD8+ T 
lymphocytes (CTLs) has been shown to be unaf-
fected or even enhanced by low oxygen pres-
sure [30].
In conclusion, oxygen levels in inflamed tissues 
are generally lower than in healthy tissues, 
making hypoxia a main feature of the inflamma-
tory microenvironment and an important factor 
in the development and progression of inflam- 
mation.
Low pH inhibits cellular function
The effect of intra- and extracellular pH varia-
tions on cell function has long been recognized. 
A decrease in pH generally inhibits most cellu-
lar functions including enzyme activities, ion 
transport, DNA and protein synthesis, and influ-
ences cAMP and calcium levels [31]. The inflam-
matory microenvironment is characterized by a 
decrease in pH. Measurements of pH in the 
synovial fluid of healthy (7.768±0.044), trau-
matic (7.559±0.031) or osteoarthritic (7.549± 
0.040) patients, for instance, showed a 
decrease of about 0.2 pH units in an array of 
patients [32]. An even steeper decrease of pH 
was found in atherosclerotic plaques in humans 
(7.15) [33]. The tumor environment can have 
pH values below 6, which has been suggested 
to contribute to the establishment of immune 
escape mechanisms [31].
The low pH in inflamed tissues often originates 
from increased metabolism of parenchymal 
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and recruited inflammatory cells in conjunction 
with decreased oxygen availability [31]. Most 
cells rely upon oxidative phosphorylation for 
ATP production in the presence of oxygen. 
During hypoxia, cells switch their energy metab-
olism to anaerobic glycolysis, which leads to 
increased production of lactate. Increased lac-
tate in turn is coupled, even if only indirectly, 
with the secretion of protons that causes a 
drop in pH [34].
Although most studies that focus on the effect 
of extracellular pH on cell function show gener-
ally a decrease, different effects can occur in 
distinct cell types. Trevani et al. showed that 
lowering the extracellular pH to 6.5 enhances 
the activation of neutrophils, which might lead 
to an intensification of the innate immune 
response [35]. The acidic pH causes an intra-
cellular accumulation of calcium that leads to 
an elevated production of H2O2 [35]. Another 
group has shown that acidic pH drives activa-
tion of integrin αvβ3, a receptor for vitronectin 
[36]. This increase in integrin affinity and avidi-
ty leads to a strengthening of cell-cell connec-
tions, which in turn slows down the migration of 
neutrophils [37]. Unlike neutrophils, T cells 
exposed to low pH display a decrease in their 
immune function. As reported by Redegeld et 
al., cytotoxic T lymphocytes lose their lytic func-
tion in a low pH environment [38]. Furthermore, 
it is known that low pH causes reduced interac-
tions of lymphocytes with the extracellular 
matrix, which in turn leads to reduced migra-
tion. The specific molecular mechanisms of 
these pH-afforded effects on lymphocytes 
migration, however, remain elusive [31].
To sum up, low pH is commonly found in the 
inflammatory microenvironment and affects 
the migration and effector function of lympho-
cytes and other immune cells, thereby contrib-
uting to the progression of the inflammatory 
process.
‘Fat’ signals
The presence of free fatty acids (FFAs) in the 
inflammatory environment is yet to be proven to 
be a general occurrence. In obesity though, 
free fatty acids are abundant in the fat mass 
due to the fat breakdown in mature adipocytes 
[39]. As obesity is a major risk factor for athero-
sclerosis, FFAs have also been found to be 
highly enriched in the arterial walls [40]. 
Together with cholesterol, FFAs are the forerun-
ners of plaque formation, as they accumulate 
at the level of the arterial wall and trigger resi-
dent macrophages to become foam cells [41].
In addition to macrophages, it is becoming 
increasingly evident that T cells are recruited in 
the very early stages of atherosclerotic plaque 
formation and play a major role in the inflam-
matory process driving the development of ath-
erosclerosis [40]. CD4+ TH1 cells are responsible 
for the amplification of the local immune 
response in atherosclerotic plaques via the 
secretion of the pro-inflammatory cytokines 
INFγ, IL-2 and IL-3 as well as TNFα and β [42]. 
CD4+ T cells have also been shown to polarize 
to a TH1 phenotype with increased IFNγ expres-
sion in obese children [43].
Considering the crucial role of T cells in the 
pathogenesis of lipid-enriched inflammatory 
diseases, it is important to understand the pos-
sible effects that lipids might exert on T cell 
function. Based on the geometry of the double 
bond, unsaturated fatty acids exist in two iso-
forms: cis-isomers and trans-isomers. In cis-
isomers, adjacent hydrogen atoms are on the 
same side of the double bond, whereas in 
trans-isomers adjacent hydrogen atoms are on 
opposite sides of the double bond. With cis-
isomers the rigidity of the double bond freezes 
their conformation and causes the chain to 
bend and restricts the conformational freedom 
of the fatty acid. In trans-isomers, instead, dou-
ble bonds are more flexible, therefore they do 
not cause the chain to bend much and their 
shape is similar to straight saturated fatty 
acids. These two isoforms have different 
effects on T cells. Stulnig et al. reported 
decreased calcium-signaling responses in cul-
tured Jurkat T cells, when treated with long 
chain cis-unsaturated FFAs. In contrast, trans-
unsaturated or saturated FFAs had no effect. 
Moreover, they observed that primary T cells 
isolated from blood of patients given an elevat-
ed dose of cis-unsaturated FFAs also showed 
diminished calcium signaling after in-vitro acti-
vation [44].
Zeyda et al. went on to identify the specific 
steps of the TCR downstream signaling path-
way that are affected by polyunsaturated fatty 
acids (PUFAs) [45]. A selective inhibition of 
mitogen activated protein kinase (MAPK), Janus 
Kinase (JNK), was observed, with no effect on 
other MAP kinases. Although JNK was inhibit-
ed, they were unable to detect any change in 
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AP-1 (c-JUN) activity, the main downstream 
transcription factor of JNK. They found instead 
a selective inhibition of NF-AT transcription fac-
tor, which is possibly due to diminished calcium 
signaling. As NF-AT activates IL-2 transcription 
[46], the observed decrease in IL-2 expression 
upon PUFAs treatment was somehow expect-
ed. Notably, also the TH2 type cytokine IL-13 was 
suppressed by the same treatment, suggesting 
an additional mechanism of action of PUFAs 
downstream of TCR [45].
Geyeregger et al. demonstrated yet another 
mechanism of PUFAs action in T cells following 
activation with the superantigen (SAg) staphy-
lococcus enterotoxin E. Herein, the SAg induc-
es a non-specific T cell activation by peptide-
independent ligation of MHC molecules with 
the TCR that results in polyclonal T cell expan-
sion and massive cytokine release. In this 
model, the formation of the immunological syn-
apse was inhibited following treatment with the 
n-3 PUFA, eicosapentaenoic acid (EPA). Upon 
EPA treatment, cytoskeletal rearrangements, 
necessary for the formation of the synapse 
were blunted, probably due to reduced Vav-
phosphorylation [47], which acts as a promoter 
of the synapse formation via linking the actin 
cytoskeleton to TCR signaling [48].
Furthermore, the n-3 PUFAs, EPA and docosa-
hexaenoic acid (DHA), were shown to affect T 
cell migration and expression of MMP-9 in 
Jurkat T cells. Both EPA and DHA significantly 
decreased the migration of T cells and reduced 
activity of the enzyme MMP-9, which has been 
associated with the disruption of the blood 
brain barrier and subsequent invasion of the 
central nervous system by inflammatory cells. 
Authors of this study proposed a possible treat-
ment for patients with multiple sclerosis, 
whereby EPA / DHA supplied exogenously could 
benefit the disease prognosis [49]. In athero-
sclerosis or rheumatoid arthritis instead enrich-
ment of n-3 PUFAs in the inflamed tissues could 
potentially be harmful due to the inhibition of 
the migratory capacity of inflammatory cells 
which would become unable to leave the inflam-
matory site timely, thereby favoring the devel-
opment of the disease into a chronic state.
Lactate, a multi-faceted signaling molecule
The short chain monocarboxylate lactate has a 
long history in biochemistry, reaching from the 
first description of lactic acid in sour milk in 
1780 and the presence in human blood in 
1843 [50], to the discovery of lactate produc-
tion by highly proliferative tumor cells [51] and 
the finding that lactate was enriched in several 
inflammatory diseases and the tumor microen-
vironment [52]. Generally, lactate is considered 
a metabolic ‘waste product’ and the result of 
high glycolytic activity in proliferating cells. This 
view on lactate has been changing consider-
ably in recent times, as its role as an important 
signaling molecule is being recognized [53].
In the brain, lactate acts as a fuel source for 
oxidative energy metabolism in neurons. 
Thereby, high glutamate levels increase the gly-
colytic activity of specific glial cells known as 
astrocytes, which in turn produce lactate and 
transport it into neurons, which use it as an 
additional energy source [54]. Besides neu-
rons, lactate has significant effects on other 
cell types as well. The migration potential of 
tumor cells, for instance, increases in the pres-
ence of lactate [55]. Furthermore, Baumann et 
al. showed that glioma cell migration is 
enhanced, as lactate induces a TGF-β2-
dependent regulation of matrix metallopepti-
dase 2 (MMP-2) [56]. These findings could have 
important implications in the understanding of 
tumor progression and metastasis formation.
Lactate indirectly stimulates the migration of 
endothelial cells via enhanced VEGF secretion, 
which is a potential promoter of wound healing 
[57]. This effect is possibly explained by the 
uptake of extracellular lactate by endothelial 
cells [58] and the stimulation of HIF1α up-regu-
lation [59], which has been shown to correlate 
with increased VEGF secretion [60].
Most importantly, lactate is locally enriched in 
inflamed tissues, such as the joints in rheuma-
toid arthritis, atherosclerotic plaques and 
tumors [52, 61, 62]. Moreover, elevated lactate 
levels in the blood have been associated with 
increased prevalence of atherosclerosis and 
type II diabetes [63]. Fischer et al. showed that 
human cytotoxic T cells are able to take up lac-
tate and thereupon are inhibited in their prolif-
eration potential. This effect was only observed 
in the presence of elevated H+ ions, or low pH 
[64]. It is tempting to speculate that T cells 
entering the inflammatory site become exposed 
to elevated levels of lactate, between 10 and 
30 mM, which disables their ability to emigrate 
and favor their retention. If proven correct, this 
hypothesis could provide an additional mecha-
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nism to explain the issue of non-resolving 
inflammation and its progression to a chronic 
process [65, 66].
As the above-mentioned studies demonstrate, 
lactate is a multi-faceted signaling molecule 
and its effects on cell function are likely to be 
more far-reaching than understood at present.
Reactive oxygen species
The effects of reactive oxigen species (ROS) on 
cells have historically been associated with 
physiological dysfunction and cellular damage. 
This view is about to be extended by recent 
findings suggesting roles for ROS in intracellu-
lar signaling events, induction of apoptotic 
pathways, cell activation and feedback mecha-
nisms to metabolism [67]. Increased ROS pro-
duction has been associated with a wide vari-
ety of diseases, including neurodegenerative 
disorders, diabetes, cancer and atherosclero-
sis [68-70]. ROS, such as superoxide (O2
-), can 
be generated from several sources, which 
include NADPH oxidase (NOX), xanthine oxi-
dase (XO), nitric oxide synthase (NOS), cyto-
chrome P450 and the mitochondrial electron 
transport chain (ETC) [71]. Most ROS are gener-
ated via the electron reduction of the oxygen 
molecule, O2, during oxidative phosphorylation 
in the mitochondria. Superoxide is then trans-
pens during the respiratory burst of neutro-
phils, also phagocytes have the ability to pro-
duce and release superoxide by using a plasma 
membrane bound NADPH oxidase [75].
Although superoxide cannot permeate the 
membrane due to its negative charge, the main 
product of the superoxide dismutase, H2O2, is 
permeable and might contribute to the majority 
of the signaling function of ROS [76]. It has 
recently been shown that ROS production in 
mitochondria is required for the induction of 
NF-AT and subsequent IL-2 production in acti-
vated T cells [77]. In addition, it has been 
reported that redox signaling via H2O2 could 
alter the proteome of activated T cells both in a 
qualitative and quantitative manner, thereby 
directly affecting the function of T cells in 
inflammation [78]. Therefore, H2O2 appears to 
be an important factor in the inflammatory envi-
ronment in which it affects immune cells acti-
vation and function.
Conclusions
In this review we describe a number of compo-
nents of the inflammatory microenvironment 
that can have critical effects on the function of 
the immune cells recruited to the site of inflam-
mation and might have an impact on the pro-
gression of inflammation into a chronic condi-
Figure 2. Effects of factors present in the inflammatory microenvironment 
on the establishment of chronic inflammation. Not only inflammation in-
ducing signals (e.g., cytokines, chemokines, DAMPs) lead to the recruit-
ment of immune cells to the site of inflammation. Additionally factors within 
the inflammatory microenvironment (depicted in Figure 1) affect the be-
havior of immune cells in terms of recruitment, retention and function, and 
contribute to the establishment of chronic inflammation.
formed into H2O2 by superoxide 
dismutase to prevent ROS from 
causing intracellular damage to 
the cell [67]. It is thought that 
0.2-2% of the oxygen con-
sumed from mitochondria is 
transformed to superoxide 
[72]. This mitochondrial ROS 
can have several effects on the 
cell, including induction of 
autophagy under starving con-
ditions [73], regulation of dif-
ferentiation and promotion of 
aging [74].
As most ROS are produced in 
the mitochondria, they exert 
their damaging function mainly 
inside the cell. ROS are never-
theless abundantly present in 
the sites of inflammation and 
thus affect immune cells in 
their function. Besides the 
superoxide release that hap-
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tion. With regard to T lymphocytes, these 
factors can promote long-term accumulation of 
activated T cells in the site of inflammation due 
to the increase of both recruitment and reten-
tion mechanisms. Furthermore, these factors 
can cause functional alteration of the immune 
cells present in the inflammatory microenviron-
ment. All these aspects conceivably contribute 
to the development of chronic inflammation [1] 
(Figure 2). 
At present, most studies have focused on 
effects elicited by a single component on a 
defined cell type, however the overall land-
scape of the inflammatory process is likely to 
be dynamically and qualitatively defined by the 
effects of multiple factors on a variety of 
immune cellular components. For this reason it 
will be essential to systematically study the 
effects of these factors on immune cells 
recruited to the inflammatory sites. Not only 
should they be studied alone but also in combi-
nation, in order to establish potential synergis-
tic or neutralizing effects on the outcome of the 
inflammatory process. 
Although inflammatory microenvironments may 
differ among diseases, they all exert effects on 
the recruited immune cells leading to the per-
sistence of the inflammatory process. 
Therefore, an accurate description of inflamma-
tory elements and comparison in different 
pathologies is of crucial importance. This would 
enable a better understanding of the inflamma-
tory process leading to the development of 
chronic disease, and open up a variety of novel 
therapeutic interaction possibilities.
Acknowledgements
RH is the recipient of a doctoral grant provided 
by the MRC in partnership with Barts and The 
London School of Medicine and Dentistry. FM-B 
and CM are supported by the British Heart 
Foundation grant numbers PG/05/136/19997 
to FM-B, FS/11/64/2894 to F.M.M.-B. and C.M. 
and FS/12/38/29640 to C.M. and the Medical 
Research Council of the UK. FM-B is the recipi-
ent of a GCE phase II Gates Foundation award 
grant number cod100044.
Address correspondence to: Dr Claudio Mauro, 
Centre for Biochemical Pharmacology, William 
Harvey Research Institute, Barts and The London 
School of Medicine and Dentistry, Queen Mary, 
University of London, Heart Centre, Charterhouse 
Square, London EC1M 6BQ, UK. Tel: +44 (0) 20 
7882 5896; Fax: +44 (0) 20 7882 6076; E-mail: 
c.mauro@qmul.ac.uk
References
[1] Medzhitov R. Origin and physiological roles of 
inflammation. Nature 2008; 454: 428-435.
[2] Hamann A and Syrbe U. T-cell trafficking into 
sites of inflammation. Rheumatology (Oxford) 
2000; 39: 696-699.
[3] Esensten JH, Wofsy D and Bluestone JA. Regu-
latory T cells as therapeutic targets in rheuma-
toid arthritis. Nat Rev Rheumatol 2009; 5: 
560-565.
[4] Batista FD and Dustin ML. Cell: cell interac-
tions in the immune system. Immunol Rev 
2013; 251: 7-12.
[5] Borish LC and Steinke JW. 2. Cytokines and 
chemokines. J Allergy Clin Immunol 2003; 
111: S460-475.
[6] Gerriets VA and Rathmell JC. Metabolic path-
ways in T cell fate and function. Trends Immu-
nol 2012; 33: 168-173.
[7] Michalek RD, Gerriets VA, Jacobs SR, Ma-
cintyre AN, MacIver NJ, Mason EF, Sullivan SA, 
Nichols AG and Rathmell JC. Cutting edge: dis-
tinct glycolytic and lipid oxidative metabolic 
programs are essential for effector and regula-
tory CD4+ T cell subsets. J Immunol 2011; 
186: 3299-3303.
[8] Marelli-Berg FM, Fu H and Mauro C. Molecular 
mechanisms of metabolic reprogramming in 
proliferating cells: implications for T-cell-medi-
ated immunity. Immunology 2012; 136: 363-
369.
[9] Mauro C, Fu H and Marelli-Berg FM. T cell traf-
ficking and metabolism: novel mechanisms 
and targets for immunomodulation. Curr Opin 
Pharmacol 2012; 12: 452-457.
[10] Mauro C, Leow SC, Anso E, Rocha S, Thotakura 
AK, Tornatore L, Moretti M, De Smaele E, Beg 
AA, Tergaonkar V, Chandel NS and Franzoso G. 
NF-kappaB controls energy homeostasis and 
metabolic adaptation by upregulating mito-
chondrial respiration. Nat Cell Biol 2011; 13: 
1272-1279.
[11] Mauro C and Marelli-Berg FM. T cell immunity 
and cardiovascular metabolic disorders: does 
metabolism fuel inflammation? Front Immunol 
2012; 3: 173.
[12] O’Shea JJ, Ma A and Lipsky P. Cytokines and 
autoimmunity. Nat Rev Immunol 2002; 2: 37-
45.
[13] Schluns KS and Lefrancois L. Cytokine control 
of memory T-cell development and survival. 
Nat Rev Immunol 2003; 3: 269-279.
Effects of the inflammatory microenvironment on T cell function
153 Am J Clin Exp Immunol 2013;2(2):146-155
[14] Chen GY and Nunez G. Sterile inflammation: 
sensing and reacting to damage. Nat Rev Im-
munol 2010; 10: 826-837.
[15] Marelli-Berg FM, Cannella L, Dazzi F and Mi-
renda V. The highway code of T cell trafficking. 
J Pathol 2008; 214: 179-189.
[16] Gaber T, Tran CL, Schellmann S, Hahne M, 
Strehl C, Hoff P, Radbruch A, Burmester GR 
and Buttgereit F. Pathophysiological hypoxia 
affects the redox state and IL-2 signaling of hu-
man CD4 T cells and concomitantly impairs 
survival and proliferation. Eur J Immunol 2013; 
[Epub ahead of print].
[17] Grenz A, Clambey E and Eltzschig HK. Hypoxia 
signaling during intestinal ischemia and in-
flammation. Curr Opin Crit Care 2012; 18: 
178-185.
[18] Eltzschig HK and Carmeliet P. Hypoxia and in-
flammation. N Engl J Med 2011; 364: 656-
665.
[19] Ye J, Gao Z, Yin J and He Q. Hypoxia is a poten-
tial risk factor for chronic inflammation and 
adiponectin reduction in adipose tissue of ob/
ob and dietary obese mice. Am J Physiol Endo-
crinol Metab 2007; 293: E1118-1128.
[20] Song J, Wu C, Zhang X and Sorokin LM. In vivo 
processing of CXCL5 (LIX) by matrix metallo-
proteinase (MMP)-2 and MMP-9 promotes 
early neutrophil recruitment in IL-1beta-in-
duced peritonitis. J Immunol 2013; 190: 401-
410.
[21] Fujisaka S, Usui I, Ikutani M, Aminuddin A, Taki-
kawa A, Tsuneyama K, Mahmood A, Goda N, 
Nagai Y, Takatsu K and Tobe K. Adipose tissue 
hypoxia induces inflammatory M1 polarity of 
macrophages in an HIF-1alpha-dependent and 
HIF-1alpha-independent manner in obese 
mice. Diabetologia 2013 Jun; 56: 1403-12.
[22] Parathath S, Mick SL, Feig JE, Joaquin V, Grau-
er L, Habiel DM, Gassmann M, Gardner LB and 
Fisher EA. Hypoxia is present in murine athero-
sclerotic plaques and has multiple adverse ef-
fects on macrophage lipid metabolism. Circ 
Res 2011; 109: 1141-1152.
[23] Muz B, Khan MN, Kiriakidis S and Paleolog 
EM. Hypoxia. The role of hypoxia and HIF-de-
pendent signalling events in rheumatoid arthri-
tis. Arthritis Res Ther 2009; 11: 201.
[24] Karhausen J, Furuta GT, Tomaszewski JE, John-
son RS, Colgan SP and Haase VH. Epithelial 
hypoxia-inducible factor-1 is protective in mu-
rine experimental colitis. J Clin Invest 2004; 
114: 1098-1106.
[25] Giovannini I, Chiarla C and Boldrini G. The rela-
tionship between oxygen extraction and ve-
nous pH in sepsis. Shock 1997; 8: 373-377.
[26] Guadagno JV, Donnan GA, Markus R, Gillard JH 
and Baron JC. Imaging the ischaemic penum-
bra. Curr Opin Neurol 2004; 17: 61-67.
[27] Denko NC. Hypoxia, HIF1 and glucose metabo-
lism in the solid tumour. Nat Rev Cancer 2008; 
8: 705-713.
[28] Ong SG and Hausenloy DJ. Hypoxia-inducible 
factor as a therapeutic target for cardioprotec-
tion. Pharmacol Ther 2012; 136: 69-81.
[29] Sitkovsky M and Lukashev D. Regulation of im-
mune cells by local-tissue oxygen tension: 
HIF1 alpha and adenosine receptors. Nat Rev 
Immunol 2005; 5: 712-721.
[30] Caldwell CC, Kojima H, Lukashev D, Armstrong 
J, Farber M, Apasov SG and Sitkovsky MV. Dif-
ferential effects of physiologically relevant hy-
poxic conditions on T lymphocyte development 
and effector functions. J Immunol 2001; 167: 
6140-6149.
[31] Lardner A. The effects of extracellular pH on 
immune function. J Leukoc Biol 2001; 69: 
522-530.
[32] Jebens EH and Monk-Jones ME. On the viscos-
ity and pH of synovial fluid and the pH of blood. 
J Bone Joint Surg Br 1959; 41-B: 388-400.
[33] Naghavi M, John R, Naguib S, Siadaty MS, Gra-
su R, Kurian KC, van Winkle WB, Soller B, 
Litovsky S, Madjid M, Willerson JT and Cass-
cells W. pH Heterogeneity of human and rabbit 
atherosclerotic plaques; a new insight into de-
tection of vulnerable plaque. Atherosclerosis 
2002; 164: 27-35.
[34] Robergs RA, Ghiasvand F and Parker D. Bio-
chemistry of exercise-induced metabolic aci-
dosis. Am J Physiol Regul Integr Comp Physiol 
2004; 287: R502-516.
[35] Trevani AS, Andonegui G, Giordano M, Lopez 
DH, Gamberale R, Minucci F and Geffner JR. 
Extracellular acidification induces human neu-
trophil activation. J Immunol 1999; 162: 4849-
4857.
[36] Paradise RK, Lauffenburger DA and Van Vliet 
KJ. Acidic extracellular pH promotes activation 
of integrin alpha(v)beta(3). PLoS One 2011; 6: 
e15746.
[37] Serrano CV Jr, Fraticelli A, Paniccia R, Teti A, 
Noble B, Corda S, Faraggiana T, Ziegelstein RC, 
Zweier JL and Capogrossi MC. pH dependence 
of neutrophil-endothelial cell adhesion and ad-
hesion molecule expression. Am J Physiol 
1996; 271: C962-970.
[38] Redegeld F, Filippini A and Sitkovsky M. Com-
parative studies of the cytotoxic T lymphocyte-
mediated cytotoxicity and of extracellular ATP-
induced cell lysis. Different requirements in 
extracellular Mg2+ and pH. J Immunol 1991; 
147: 3638-3645.
[39] Boden G. Obesity and free fatty acids. Endocri-
nol Metab Clin North Am 2008; 37: 635-646, 
viii-ix.
[40] Libby P. Atherosclerosis: the new view. Sci Am 
2002; 286: 46-55.
Effects of the inflammatory microenvironment on T cell function
154 Am J Clin Exp Immunol 2013;2(2):146-155
[41] Ricote M and Glass CK. New roles for PPARs in 
cholesterol homeostasis. Trends Pharmacol 
Sci 2001; 22: 441-443; discussion 444.
[42] Haraba RAF. T cells are active participants in 
the progression of atherosclerotic plaques. Di-
gest Journal of Nanomaterial and Biostruc-
tures 2011; 6: 5.
[43] Svec P, Vasarhelyi B, Paszthy B, Korner A, Ko-
vacs L, Tulassay T and Treszl A. Do regulatory T 
cells contribute to Th1 skewness in obesity? 
Exp Clin Endocrinol Diabetes 2007; 115: 439-
443.
[44] Stulnig TM, Berger M, Roden M, Stingl H, Raed-
erstorff D and Waldhausl W. Elevated serum 
free fatty acid concentrations inhibit T lympho-
cyte signaling. FASEB J 2000; 14: 939-947.
[45] Zeyda M, Szekeres AB, Saemann MD, Geyereg-
ger R, Stockinger H, Zlabinger GJ, Waldhausl W 
and Stulnig TM. Suppression of T cell signaling 
by polyunsaturated fatty acids: selectivity in in-
hibition of mitogen-activated protein kinase 
and nuclear factor activation. J Immunol 2003; 
170: 6033-6039.
[46] Cantrell D. T cell antigen receptor signal trans-
duction pathways. Annu Rev Immunol 1996; 
14: 259-274.
[47] Geyeregger R, Zeyda M, Zlabinger GJ, Wald-
hausl W and Stulnig TM. Polyunsaturated fatty 
acids interfere with formation of the immuno-
logical synapse. J Leukoc Biol 2005; 77: 680-
688.
[48] Miletic AV, Graham DB, Sakata-Sogawa K, Hiro-
shima M, Hamann MJ, Cemerski S, Kloeppel T, 
Billadeau DD, Kanagawa O, Tokunaga M and 
Swat W. Vav links the T cell antigen receptor to 
the actin cytoskeleton and T cell activation in-
dependently of intrinsic Guanine nucleotide 
exchange activity. PLoS One 2009; 4: e6599.
[49] Shinto L, Marracci G, Bumgarner L and Yadav 
V. The effects of omega-3 Fatty acids on matrix 
metalloproteinase-9 production and cell migra-
tion in human immune cells: implications for 
multiple sclerosis. Autoimmune Dis 2011; 
2011: 134592.
[50] Kompanje EJ, Jansen TC, van der Hoven B and 
Bakker J. The first demonstration of lactic acid 
in human blood in shock by Johann Joseph 
Scherer (1814-1869) in January 1843. Inten-
sive Care Med 2007; 33: 1967-1971.
[51] Warburg O. On the origin of cancer cells. Sci-
ence 1956; 123: 309-314.
[52] Hirschhaeuser F, Sattler UG and Mueller-Klies-
er W. Lactate: a metabolic key player in cancer. 
Cancer Res 2011; 71: 6921-6925.
[53] Hsu PP and Sabatini DM. Cancer cell metabo-
lism: Warburg and beyond. Cell 2008; 134: 
703-707.
[54] Stobart JL and Anderson CM. Multifunctional 
role of astrocytes as gatekeepers of neuronal 
energy supply. Front Cell Neurosci 2013; 7: 38.
[55] Goetze K, Walenta S, Ksiazkiewicz M, Kunz-
Schughart LA and Mueller-Klieser W. Lactate 
enhances motility of tumor cells and inhibits 
monocyte migration and cytokine release. Int J 
Oncol 2011; 39: 453-463.
[56] Baumann F, Leukel P, Doerfelt A, Beier CP, 
Dettmer K, Oefner PJ, Kastenberger M, Kreutz 
M, Nickl-Jockschat T, Bogdahn U, Bosserhoff 
AK and Hau P. Lactate promotes glioma migra-
tion by TGF-beta2-dependent regulation of ma-
trix metalloproteinase-2. Neuro Oncol 2009; 
11: 368-380.
[57] Beckert S, Farrahi F, Aslam RS, Scheuenstuhl 
H, Konigsrainer A, Hussain MZ and Hunt TK. 
Lactate stimulates endothelial cell migration. 
Wound Repair Regen 2006; 14: 321-324.
[58] Vegran F, Boidot R, Michiels C, Sonveaux P and 
Feron O. Lactate influx through the endothelial 
cell monocarboxylate transporter MCT1 sup-
ports an NF-kappaB/IL-8 pathway that drives 
tumor angiogenesis. Cancer Res 2011; 71: 
2550-2560.
[59] Sonveaux P, Copetti T, De Saedeleer CJ, Vegran 
F, Verrax J, Kennedy KM, Moon EJ, Dhup S, 
Danhier P, Frerart F, Gallez B, Ribeiro A, Mich-
iels C, Dewhirst MW and Feron O. Targeting the 
lactate transporter MCT1 in endothelial cells 
inhibits lactate-induced HIF-1 activation and 
tumor angiogenesis. PLoS One 2012; 7: 
e33418.
[60] Slomiany MG and Rosenzweig SA. IGF-1-in-
duced VEGF and IGFBP-3 secretion correlates 
with increased HIF-1 alpha expression and ac-
tivity in retinal pigment epithelial cell line 
D407. Invest Ophthalmol Vis Sci 2004; 45: 
2838-2847.
[61] Gobelet C and Gerster JC. Synovial fluid lactate 
levels in septic and non-septic arthritides. Ann 
Rheum Dis 1984; 43: 742-745.
[62] Ciurtin C. Correlation between different com-
ponents of synovial fluid and pathogenesis of 
rheumatic diseases. Rom J Intern Med 2006; 
44: 171-81.
[63] Crawford SO, Hoogeveen RC, Brancati FL, Astor 
BC, Ballantyne CM, Schmidt MI and Young JH. 
Association of blood lactate with type 2 diabe-
tes: the Atherosclerosis Risk in Communities 
Carotid MRI Study. Int J Epidemiol 2010; 39: 
1647-1655.
[64] Fischer K, Hoffmann P, Voelkl S, Meidenbauer 
N, Ammer J, Edinger M, Gottfried E, Schwarz S, 
Rothe G, Hoves S, Renner K, Timischl B, Mack-
ensen A, Kunz-Schughart L, Andreesen R, 
Krause SW and Kreutz M. Inhibitory effect of 
tumor cell-derived lactic acid on human T cells. 
Blood 2007; 109: 3812-3819.
[65] Nathan C and Ding A. Nonresolving inflamma-
tion. Cell 2010; 140: 871-882.
Effects of the inflammatory microenvironment on T cell function
155 Am J Clin Exp Immunol 2013;2(2):146-155
[66] Ortega-Gomez A, Perretti M and Soehnlein O. 
Resolution of inflammation: an integrated 
view. EMBO Mol Med 2013; 5: 661-674.
[67] Sena LA and Chandel NS. Physiological roles of 
mitochondrial reactive oxygen species. Mol 
Cell 2012; 48: 158-167.
[68] Kaneto H, Katakami N, Matsuhisa M and Mat-
suoka TA. Role of reactive oxygen species in 
the progression of type 2 diabetes and athero-
sclerosis. Mediators Inflamm 2010; 2010: 
453892.
[69] Uttara B, Singh AV, Zamboni P and Mahajan 
RT. Oxidative stress and neurodegenerative 
diseases: a review of upstream and down-
stream antioxidant therapeutic options. Curr 
Neuropharmacol 2009; 7: 65-74.
[70] Waris G and Ahsan H. Reactive oxygen species: 
role in the development of cancer and various 
chronic conditions. J Carcinog 2006; 5: 14.
[71] Li X, Fang P, Mai J, Choi ET, Wang H and Yang 
XF. Targeting mitochondrial reactive oxygen 
species as novel therapy for inflammatory dis-
eases and cancers. J Hematol Oncol 2013; 6: 
19.
[72] Madamanchi NR and Runge MS. Mitochondri-
al dysfunction in atherosclerosis. Circ Res 
2007; 100: 460-473.
[73] Scherz-Shouval R, Shvets E, Fass E, Shorer H, 
Gil L and Elazar Z. Reactive oxygen species are 
essential for autophagy and specifically regu-
late the activity of Atg4. EMBO J 2007; 26: 
1749-1760.
[74] Hekimi S, Lapointe J and Wen Y. Taking a 
“good” look at free radicals in the aging pro-
cess. Trends Cell Biol 2011; 21: 569-576.
[75] Bjorkman L, Dahlgren C, Karlsson A, Brown KL 
and Bylund J. Phagocyte-derived reactive oxy-
gen species as suppressors of inflammatory 
disease. Arthritis Rheum 2008; 58: 2931-
2935.
[76] Murphy MP and Siegel RM. Mitochondrial ROS 
fire up T cell activation. Immunity 2013; 38: 
201-202.
[77] Sena LA, Li S, Jairaman A, Prakriya M, Ezponda 
T, Hildeman DA, Wang CR, Schumacker PT, Li-
cht JD, Perlman H, Bryce PJ and Chandel NS. 
Mitochondria are required for antigen-specific 
T cell activation through reactive oxygen spe-
cies signaling. Immunity 2013; 38: 225-236.
[78] Griffiths HR, Dunston CR, Bennett SJ, Grant 
MM, Phillips DC and Kitas GD. Free radicals 
and redox signalling in T-cells during chronic 
inflammation and ageing. Biochem Soc Trans 
2011; 39: 1273-1278.
